Abstract. Precipitation was collected for a I-year period in Miami, Florida. The deposition rate of Al in samples containing Saharan dust was 10.1~g/cm2; this flux is equivalent to a mineral deposition rate of 126~g/cm2 per year, a value comparable to the mineral accumulation rate in sediments of the tropical North Atlantic. Mineral deposition rates in rain were highly variable, with 22% of the total occurring in 1 day and 68% occurring in 4 days in two separate dust episodes.
Introduction
Mineral dust is a major atmospheric constituent in many oceanic regions [Prospero, 1981] .
Over the North Atlantic, large concentrations of Saharan dust are frequently measured as far west as the Caribbean Prospero, 1972, Prospero and Nees, 1986; Talbot et aI., 1986] and Miami [Savoie and Prospero, 1977; Glaccum and Prospero, 1980; Prospero et al., 1979] and as far north as Bermuda [Chen and Duce, 1983] . African dust constitutes a major fraction of the nonbiogenic component of the sediments in this region [Prospero, 1981] .
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Paper number 7D0754. 0148-0227/87/007D-0754$05.00 significant transport of mineral aerosol from Asian sources over a large portion of the North Pacific [Duce et al., 1980; Uematsu et al., 1983; Parrington et al., 1983] . In these ocean waters the vertical distributions of dissol ved Al [Hydes, 1983; Measures et al., 1984; Bruland, 1985, 1986] and particulate Al [Carder et al., 1986; Uematsu et al., 1985a] suggest that atmospheric inputs of soil materials might be a dominant factor in the Al cycle in seawater. Saharan dust transport is of special interest because of the massive amounts of material that are transported over such a large area. Knowledge of deposition rates is important in light of evidence that the rate of deflation of soil material in North Africa is highly sensitive to climatic factors [Pro spero and Nees, 1986] ; hence an understanding of the factors controlling dust transport and deposition to the ocean would assist in the paleoclimatic interpretation of the sedimentary record [Prospero, 1985] . Nonetheless, no measurements have been made of deposition rates to the North Atlantic, despite the fact that there is a relatively large body of data on the atmospheric concentration of mineral aerosol. All current literature estimates of dust deposition rates are based on models which are of questionable validity when applied to atmospheric dust and which yield a wide range of values [Prospero, 1981; Chester, 1982; Uematsu et al., 1983] .
A second source of difficulty in assessing the oceanic cycle of Al derives from the uncertainty about the solubility of aerosol Al in precipitation (the dominant deposition pathway for most of the aerosol mass) and in seawater [Moore, 1981] .
To date there has been no adequate measurement of dissolved Al in properly collected precipitation samples.
In this report we present the results of a study of mineral aerosol deposition in precipitation collected at Miami, Florida, over a period of 1 year (mid-June 1982 until mid-June 1983 .
Saharan dust is the dominant mineral component in the onshore winds at Miami during summer months Savoie and Prospero, 1977; Carder et al., 1986] .
When Saharan dust is present in the atmosphere, aerosol filters acquire a very distinct beige color after a few hours of sampling; in the absence of Saharan dust, the filters are grey or black because of pollutants derived from local sources or advected over the ocean from the higher latitudes. X ray diffraction studies of beige-colored samples have shown that the mineralogy is identical to that of samples collected at Barbados and on islands and ships off the west coast of North Africa [Glaccum and Prospero, 1980] ; the mineralogy of Miami soil aerosols is different from that of Saharan dust in a number of respects, most obviously in the much higher concentration of calcite.
In this study we collected precipitation samples concurrently with aerosol samples. We analyzed these samples for Al and a number of other chemical species that could affect the solubility of AI.
At this time we present the results of measurements of the deposi tion rates of total Al and of dissolved AI.
Procedures
Aerosol and precipitation samples were collected continuously for a I-year period on the roof of a three-story building on the campus of the Rosenstiel School of Marine and Atmospheric Science, University of Miami.
The site is located on the east coast of Virginia Key, which lies about 6 km east of the mainland. Precipitation was sampled on an event basis (except over weekends) using an automatic device that exposed the collection vessel (high-density polyethylene, 28.6-cm diameter) only when rain was falling; this device is similar to that used in the National Acid Deposition Program [Gibson, 1984] .
A total of 98 events were sampled. Of these, we filtered 34 samples that were visibly turbid or that were collected during conditions that suggested that Saharan dust clouds might be present in the area; such evidence included the presence of a beige color on the aerosol filters, the occurrence of local haze conditions, and meteorological evidence including satellite images . Samples were filtered through prewashed 0.45-pm Millipore filters as soon as possible after the rain event; the elapsed time could be as long as 16 hours for rain events that occurred during the night to 2 days for weekend events. Filtrates were stored at 4 0 C until the time of analysis. Aerosol samples were collected [Savoie and Prospero, 1982] by drawing air through 20 x 25 em Whatman-41 (W-41) filters at a rate of about 1 m 3 /min. W-41 filters have a relatively high collection efficiency for soil particles; in the central North Pacific, tests with two in-line filters show that 99.4% of the Al in ambient aerosols is collected on the front filter (M. Uematsu, unpublished data, 1987) . The Al blank is 2.7 pg per filter, which for a typical sampling volume is equivalent to an atmospheric Al concentration of about 1 ng/m 3 • The sampling apparatus was controlled by wind sensors, which activated the system only when the wind blew from the ocean at a speed greater than 5 km/h. Aerosol sampling duration was dictated by other experimental protocols and ranged from 1 day to 1 week.
We visually examined the precipitation sample filters from the 34 events. Filter colors ranged from dark grey to the beige color that is a characteristic of Saharan dust. We selected for Al analysis all filters that showed evidence of Saharan dust, plus a few that yielded totally grey or black samples. A total of 18 events were selected. These 18 events yielded a rain volume of 29.6 L which constituted 31% of the total rain deposited during the course of the yearlong study (151 em).
We then selected the aerosol filter samples for the periods corresponding to the precipitation events. A quarter section of the aerosol filters was extracted into 20 mL of Mi lli -Q water in three washes [Savoie and Prospero, 1982] and the extracted filter reserved for Al analysis; aerosol filtrates were not analyzed for AI.
A second quarter section of each aerosol filter was extracted as described and then ashed at 500 0 C.; the residue is ascribed to mineral matter.
The AI content of the precipitation filters and filtrate and of the extracted aerosol filters was determined by neutron activation at the Rhode Island Nuclear Reactor Center [Uematsu et al., 1983 [Uematsu et al., , 1985b . Aliquots of filtrate were adjusted to a nitric acid concentration of 0.15N to minimize the adsorption of Al on the container walls during storage. Dissolved Al was preconcentrated by coprecipitation with ferric hyd roxide [Wei sel et al., 1984a] , a procedure which also eliminated sea-salt interference. The detection limit for the dissolved Al was 0.5 pg/kg. The coefficient of variation for duplicate samples (aerosol or precipitation) was less than 10%.
The pH of an aliquot of the precipitation samples was measured.
The filter extracts and the filtered precipitation solutions were also analyzed for Cl-, N03-and S04=, using ion chromatography, and for Na+, using atomic absorption; however, we do not present these results at this time.
Precipitation data are presented in Table 1 .
The term "dissolved AI" refers to all Al that passes through a 0.45-pm Millipore filter. This operational definition of "dissolved" is the same as that commonly used in the study of the concentration of dissolved and particulate species in seawater.
Results

Deposition Rate of Al and Mineral Dust
The deposition rate of total Al on an event basis was highly variable, ranging from 0.02 pg/cm 2 to 1.92 pg/cm~On the basis of the 18 analyzed events, the total deposition for the year was 10.1 Pg Al/cm 2 • In the larger deposition events a layer of beige mud was clearly visible in the bottom of the collection vessel and a well-defined cake was obtained when the sample was filtered.
The major fraction of the annual deposition occurred in a small fraction of the days: 22% on 1 day (June 8, 1983) ; 68% in 4 rain event days that occurred during two Saharan dust episodes (June 23 and 24, 1982; June 8-10, 1983 ). Although we feel that we sampled and analyzed all major dust deposition events, some significant events may have been missed.
Consequently, our value should be regarded as a lower limit.
The atmospheric concentration of Al in aerosols ranged from 0.08 to 2.62 pg/m 3 and averaged 0.82 pg/m 3 on a volume weighted basis ( Table 2) .
The ratio of the aerosol Al concentration to the aerosol filter ash weight was relatively constant and averaged 0.080 ( Figure 1 ), a value identical to that of average soil material [Taylor, 1964] . The highest Al and ash weights were associated with those filters that had the most pronounced beige coloration; the lowest weights were obtained from predominantly grey or black filters. These results are consistent with our assumption that the Al in the aerosol (dnd presumably in the rain) is derived from mineral matter.
On the basis of the average Al concentration of 8% in aerosol ash, the Al concentration in rain can be converted to an equivalent mineral weight by multiplying by a factor of 12.5; the equivalent Table 2 , were computed on this basis. The highest aerosol Al concentrations and Al deposition rates occurred during the summer months when Saharan dust events generally occur in the Miami area.
The high summer deposition rate is also partially attributable to the fact that in southeast Florida a third to a half of the annual rainfall (140-150 cm) falls in the summer [Henry, 1983] .
The fact that the highest dust concentrations and deposition rates occurred predominantly in the summer when Miami is under the influence of (Figure 3 ). The pH of the rain is determined by a number of factors, principally by the concentration of the acidifying species N03-and nss SO~= and by the neutralizing effect of mineral species such as CaC0 3 in the dust [Loye -Pilot et al., 1986] .
The average CaC03 concentration of Saharan dust at Miami is 7% [Glaccum and Prospero, 1980] .
Because the concentration of aerosol N0 3 -and nss SO~= is about twice as high in the winter as it is in the summer, low pHs tend to be associated with low dust concentrations.
Precipitation in relatively remote ocean regions generally has a pH of 5 or higher [Galloway et al., 1982 [Galloway et al., , 1983 .
If we consider only those Miami samples that had a pH above 5, then the mean volume-weighted dissolved aluminum fraction is about 3%.
Our dissolved Al results are consistent with those of Maring and Duce [1987] who measured the seawater solubility of A1 in wind-borne Asian dust collected by filter on Enewetak. TIley found that about 5% of the A1 was leached after immersion in seawater (pH 8) for periods of up to 6 hours. About the same amount was leached into dionized water at pH 5.5 in 6 hours. 
persistent easterly winds is taken as evidence that local sources do not contribute significantly to the total Al deposition.
In contrast, we would expect local dust sources to have the greatest impact during the winter, which is the dry season and the time when agricultural activity is at its peak in south Florida. Also, in the winter, cold fronts pass through the region at frequent intervals; the vigorous wes terly winds that are associated with these fronts would be expected to enhance the impact of local dust sources. Nonetheless, dust concentrations and deposition rates are at a minimum in the winter; in contrast, the concentrations of N0 3 -and non-sea-salt (nss) SO~= in precipitation at our site are at a maximum in the winter, a fact that we attribute to anthropogenic impacts [Savoie et al., 1987] . The total Al deposition rate in rain during this study was 10.1~g/cm2/yr (0.028 pg/cm 2 /day) and the equivalent mineral deposition rate was 126.2~g/cm2/yr (0.35~g/cm2/day). This rate is comparable to that of the nonbiogenic sediment accumulation rate in the central tropical North The primary objective of this research was to characterize the deposition rate of total Al in rain.
To this end we measured both particulate and dissolved AI.
The dissolved Al results revealed some trends that warrant comment despite the fact that the experimental conditions were not ideally suited for a study of A1 solubility.
The ratio of dissolved Al to total Al in the precipitation samples is highly variable, ranging from 0.005 to 0.48.
The average ratio for indi vidual events is 0.11. However, the higher ratios are generally associated with the samples having the smaller total Al concentrations (Figure 2) .
On the basis of the sum of the dissolved and particulate Al weights in all rain samples, the average dissolved Al fraction is 0.05.
The dissolved-to-total Al ratio is relatively insensitive to extreme values in the sample set. A number of samples yielded total dissolved Al values of only a few micrograms. We could assume that there was a systematic bias in our blank corrections; if we set the dissolved Al values of these samples (samples 7,11,12,14,15, and 16 ) to zero, the dissolved-to-total Al fraction for the set is only reduced to 0.047. Furthermore, there is one sample (sample 9) that yielded a very high dissolved A1 concentration. (assuming a typical in situ bulk sediment density of 0.5 g/cm 3 ).
Such high deposition rates suggest that Saharan dust could also be a significant contributor to soil formation on some islands in this region, many of which are developed on exposed coral platforms. The rate of dust deposition is probably greater in the lower latitudes and closer to Africa because of the increased dust concentrations in these areas [Savoie and Prospera, 1977; Schlitz, 1980] . [Hicks et al., 1980; Dolske and Gatz, 1984] . The dry-deposition velocity is estimated [Sehmel, 1980] to be about 0.2 cm/s, based on the size distribution of Saharan dust in the Miami area (mass median diameter of 2~m, Savoie and Prospero, [1977] ).
The mean annual mineral aerosol concentration in~liami during onshore winds for the late 1970s (the last period for which we have extensive data) was about 6~g/m3; therefore the computed dry-deposition flux should be O. 1~g/cm2/day, about a quarter of the wetdeposition rate.
It is possible that significant amounts of dust are being deposited in brief showers that do not activate the automatic collectors. Such showers are quite common in Miami and other tropical regions.
On one occasion (July 31, 1982) , a brief shower occurred shortly after one of us (JMP) had waxed his car. The coverage of rain drops on the surface was relatively dense (with a mean spacing of several millimeters) but relatively few touched.
When the drops dried, they left behind perfectly formed extremely finetextured beige mud spots that were recognizable as Saharan dust.
(We had known that high concentrations of Saharan dust were in the area from satellite photographs and also from the dense beige coloration of the aerosol filters collected at that time.
The mineral aerosol concentration during the course of the dust event was unusually high, ranging from 31 to 71~g/m3.) Dust was recovered from the surface of the car by making repeated sweeps with a moistened Whatman-41 filter wrapped over the edge of a moistened cellulose sponge. The filter, which developed a deep beige color as the wiping progressed, was subsequently extracted with water and ashed; it yielded a residue of 6&.2 mg from an area of 1 m 2 • The dust deposition rate in this one event was 6.8~g/cm2, roughly 20 times the average measured daily wet removal rate.
No measurable rain occurred during the dust event.
We have subsequently noted that cars are frequently spotted with reddish mud because of events such as these.
Brief showers could be especially important for the deposition of Saharan dust because the meteorological conditions associated with dust outbreaks tend to suppress convection and hence reduce the frequency and intensity of rain events . Under such conditions the occurrence of brief rain events such as that described here would be favored.
It is conceivable that some fraction of the dissolved and particulate Al that we collect could be derived from spray ejected from the sea surface by ruptured bubbles.
A number of trace metals are known to be enriched in spray droplets relative to bulk seawater [Weisel et al., 1984b] ; for Al the mean enrichment factor (EF) is about 5000.
(The EF is defined as the ratio of the aerosol concentration of Al to Na divided by the concentration ratio of the same elements in seawater.) In contrast, the EFs computed for our soluble Al fraction alone in rain were generally about 100 times greater than those reported by Wei sel et al. (Table 3) .
We can estimate the worst-case impact of spray-derived Al by assuming that the EF for Al in Miami sea-salt aerosol is the same as that measured by Weisel et al. and that all the Al derived from the rupture of bubbles is dissolved.
The equivalent bubblespray-derived dissolved Al computed on the basis of the Na content of the precipitation, is shown in Table 3 .
Except for three samples, all of which yielded low deposition rates, the contribution of Al from bubble spray is at most several percent; of the three exceptions, only one had an unusually high ratio of dissolved-tototal Al (June 14).
On the basis of these calculations, we conclude that in the tropical North Atlantic, Al derived from sea-salt spray could not have a significant impact on the total Al flux or on the dissolved component of Al in aerosols or precipitation.
Dissolved Al Deposition Rates
The volume-weighted concentration of dissolved Al for all analyzed samples was 9. 8~g/L. If we bConcentration of total Al in rain that would be derived from seawater bubble spray, assuming an A1 enrichment factor of 5000 [Weisel et al., 1984b] .
CRatio (in percent) of computed spray-derived Al (assuming an EF = 5000) to the measured dissolved Al in rain sample.
assume that the remainder of the rain that fell at Miami (but was not analyzed) contained no dissolved AI, then the mean dissolved Al concentration would be 3 pg/L. In comparison the dissolved A1 for the Amazon is 20-60 pg/L; for some California streams, 1-10 pg/L; and springs, 10-80 pg/L [Stoffyn and Mackenzie, 1982] . We can use the Miami data to compute a lower limit deposition flux of soluble Al to the North Atlantic between 0 0 and 30 0 N; for concentrations of 3 and 9.8 pg/L and an annual rainfall of 100 cm JRao et al., 1976] , the rates would be 6 x 10 1 g and 2 x lOll g AI/yr, respectively. Alternatively, we can assume that the 3-5% Al solubility measured in Miami applies to all Saharan dust deposited in this region (variousll estimated to be in the range of 0.6-2 x 10 1 g/yr, Prospero [1981] ); on this basis the annual deposition rate of soluble Al is 1.4-4.8 x lOll g to 2.4-8 x lOll g.
By way of comparison, the Amazon, with an annual flow of 5.5 x 10 18 g H 2 0 and a mean dissolved Al concentration of 40 pg/L [Stoffyn and MacKenzie, 1982] carries 2.2 x 1011 g of Al to the Atlantic. If the 3-5% solubility applies for all mineral dust deposited to the oceans (5-10 x 10 14 g/yr, Prospero [1981] ), then the global de~osition rate of soluble Al would be 12-24 x 10 1 g to 20-40 x lOll g/yr. In comparison, the annual discharge of dissolved A1 in streams to the oceans is estimated to be in the range 4-29 x lOll g [Stoffyn and Mackenzie, 1982] i moreover, much of the river-borne Al Yould not reach the open ocean because a substantial fraction of the dissolved Al could be precipitated in estuaries and coastal regionb [Sholkovitz, 1976] .
The Al solubility value of 3-5% reported here is considerably larger than the value of 1% that has commonly been used in assessing the impact of eolian material on the Al cycle in seawater. The la tter value is based on the one known study of dissolved Al in precipitation [Hodge et al., 1978] and is suspect for a number of reasons.
Hodge used continuously open buckets, a collection technique that ib now known to yield anomalously high and unrepresentative deposition samples [Hicks et al., 1980; Dolske and Gatz, 1984] . Also, because sampling periods ranged from about 2 weeks to 3 months, extensive reactions could have occurred in the samples.
There is reason to believe that the bucket-collected material in the Hodge study was predominantly dry-deposited local dust. First of all, precipitation fell only during 6 of the 13 collection periods; nonetheless, the Al deposition rates for samples during which no rain fell were not appreciably different from the rates for samples where rain did fall. Normally, wet-deposition fluxes are at least several times greater than those for dry deposition [Slinn et al., 1978] .
The deposition veloci ties that we compute from the Hodge data are 2.7 cm/s and 3.9 cm/s. These values are extremely high (7-10 times the total deposition velocity measured at Miami, 0.40 cm/s) and equivalent to the Stokes settling velocity of a spherical mineral particle of about 20-pm diameter.
These high velocities suggest that the samples consisted predominantly of very large particles derived from proximate sources.
Such large particles would have short atmospheric residence times and, consequently, minimal exposure to atmospheric chemical processes that could affect solubility.
Also, because of the low surface-to-volume ratio, only a small fraction of the Al would be readily leachable from such large soil particles.
There is little information available on the solubility of trace metals in carefully collected precipitation samples. The most extensive effort was that of Gatz et al. [1984] , who simultaneously collected wet-only, dry-only, and bulk deposition samples to study the solubility of trace metals as a function of a number of parameters, including precipitation pH and the clay mineral concentration.
The solubility trends observed by Gatz et al. are similar to those obtained by us for Al and further help to explain the discrepancy between our Al results and those reported by Hodge et al. All of the metals were relatively soluble in the wet-only samples; in contrast, the metal solubilities in the dry and~lk samples were lower, and they were much mofe variable than in the wet-only samples.
In wet-only samples, solubilities tended to increase with decreasing pH and decreasing concentration of insoluble materials (assumed to be primarily clays).
It is also noteworthy that the solubilities for Pb, Cu, Cd, and Zn, as reported by Gatz et al. , are substantially larger than those reported by Hodge et al.
The dissolved Al results reported here resolve some questions regarding the importance of~olian inputs with regard to the Al distribution in some ocean regions.
On the basis of the previously reported solubility of 1%, Moore [1981] concluded that the input of soil aerosol was insufficient to explain the vertical distribution of dissolved AI; using as an example the Sargasso Sea, he computed a residence time of 500 years for Al in surface waters, a value that is well in excess of t he generally accepted value of 80 years. However, with an Al solubility of 5%, the residence time is reduced to 100 years, a value that is clearly acceptable.
Factors Affecting Al Solubility in Rain
The chemistry of Al in precipitation is undoubtedly quite complex because of the involvement of mineral phases. It is noteworthy that the concentrations of dissolved Al in our rain samples fall in the general range observed for Al in pore waters in marine sediments (roughly 2-70~g Al/L; Caschetto and Wollast [1979] ), although pH values in the sediments were considerably higher (typically in the range 7.4-8.1).
Furthermore, the dissolved Al concentrations in most of our precipitation samples were comparable to those measured in laboratory studies of clay mineral solubility in seawater [Hydes, 1977] . However, in the case of sediment pore waters, there is no consistent relationship between concentration data and the values computed from equilibrium constants for mineral dissolution-precipitation reactions [Caschetto and Wollast, 1979] .
In our samples the pH and the concentrations of Al and S04= are more similar to those found in acidified surface waters, although the range of values in the latter is much greater [Nordstrom and Ball, 1986; Hooper and Shoemaker, 1985] . The dissolved Al in surface waters shows a sharp transition in the pH range of 4.6-4.9. This transition corresponds to the pK for the first hydrolysis constant of the aqueous Al ion. Above a pH of about 5, the Al concentration appears to be related to the equilibrium solubility of microcrystalline gibbsite or amorphous aluminum hydroxide.
The chemistry of Al in precipitation will differ from that in sediments and ground waters in that the mineral particles have been subjected to a complex chemical history in the atmosphere. Aerosols in the marine boundary layer often consist of internal mixtures of various salts and insoluble particles, including minerals [Andreae et al., 1986] . The composition of these particles suggests that they have been formed by cloud processes and that they have passed through repeated cycles of condensation and evaporation. Such processes would subject soil particles to a wide range of chemical environments and to prolonged leaching, conceivably at pHs considerably lower than that observed in precipitation.
Thus in addition to other factors, the Al chemistry in precipitation could be dependent on the past history of the aerosol particles.
Conclusions
The deposition rate of Saharan dust in rain is sufficiently great to have a major impact on the sediment accumulation rates in a large area of the North Atlantic. If 3-5% of the Al in mineral dust is soluble, as we found in our rain samples, then atmospheric inputs of dust will play a dominant role in the oceanic Al cycle in this region and, most likely, in other regions as well.
The fact that the dissolved fraction of Al appears to increase with decreasing dust concentration and decreasing pll has some important implications for the high latitudes, where dust concentrations are relatively small [Prospero, 1979] but where pollutant concentrations are high [Galloway et al., 1983] . The solubility of Al and other trace metals in precipitation in these latitudes [Church et al., 1982 [Church et al., , 1984 could be considerably greater than in the low latitudes.
We found that 68% of the annual mineral dust deposition occurred in 4 days; in other words, during 1% of the sampling cycle. This means that the distribution of dissolved and particulate Al (and other dust-related species) in seawater could be extremely variable and that the large deposition events could be easily missed in any short-term sampling program. The impact of these large input pulses of particles on biological productivity also warrants consideration 
